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Abstract
Reflectionless-tunneling was observed in Nb/GaAs
superconductor/semiconductor junctions fabricated through a two-step pro-
cedure. First, periodic δ-doped layers were grown by molecular beam epitaxy
near the GaAs surface, followed by an As cap layer to protect the surface
during ex-situ transfer. Second, Nb was deposited by dc-magnetron sputter-
ing onto the GaAs(001) 2× 4 surface in-situ after thermal desorption of the
cap layer. The magnetotransport behavior of the resulting hybrid junctions
was successfully analyzed within the random matrix theory of phase-coherent
Andreev transport. The impact of junction morphology on reflectionless tun-
neling and the applicability of the fabrication technique to the realization of
complex superconductor/semiconductor mesoscopic systems are discussed.
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Superconductor-semiconductor hybrid junctions have gained considerable attention in
recent years because of the new transport phenomena they are bringing to light and in view
of their potential technological applications. A further important factor in driving the growth
of this field is represented by the advancement of nanotechnology and materials science that
is opening the way to the experimental observation of novel effects in mesoscopic-scale
devices.
Typically hybrid systems consist of coupled superconductor (S) and diffusive normal-
metal (N) (or doped-semiconductor (Sm)) regions. In such configurations electron-electron
correlations are induced in the N (or Sm) layers via a two-electron process known as Andreev
reflection (AR) [1]. Thanks to this effect, at low bias, an electron originating in the Sm (N)
can penetrate in S as a Cooper pair if a hole is (retro)reflected along its time-reversed path
with a well-defined phase relationship with the incoming electron.
One of the most remarkable phase-coherent effects related to AR is reflectionless tun-
neling (RT) [2]. RT is due to the constructive interference of quasiparticles coherently
backscattered towards the interface barrier in the diffusive region [3] and can give rise to
a sizable enhancement of conductivity around zero-bias. Its coherent nature makes it very
sensitive to electric and magnetic fields and to temperature [4–7].
The key requirement to make possible the observation of AR and of the associated co-
herent phenomena is the realization of S-Sm interfaces with good transparency. Achieving
the latter in S-Sm contacts, however, is hindered by the presence of interface oxide layers
and Schottky barriers, and by the difference in Fermi velocities in the S and Sm layers
[8]. In order to avoid Schottky-barrier formation, several authors choose InAs for the re-
alization of hybrid devices. The main transparency-limiting factor in this case is interface
oxidation/contamination and several methods have been explored to limit its impact [9–11].
InAs, however, is not the Sm of choice for heterostructure growth and GaAs- or InP-based
systems are much more widespread and versatile. For these latter materials Schottky bar-
riers are the dominant factor in limiting transparency. In this case penetrating contacts
[12,13], heavily doped surface layers [4,14] and interface engineering [15] were exploited to
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maximize interface transparency.
In this letter we focus on GaAs-based systems and report the observation of RT in
Nb/GaAs junctions. We have developed a versatile technique to fabricate Nb/GaAs hybrid
structures with highly reproducible transport properties. Analysis of coherent magneto-
transport across the interface was performed within the random matrix theory of Andreev
transport. Furthermore the observed dependence of the conductance on magnetic field
orientation allowed us to discuss the role of the Nb superconducting mixed state and of
interface inhomogeneities in determining RT phenomenology.
For the semiconducting portion of the structure, a 200-nm thick n-GaAs(001) epilayer
(nominal Si doping n=4.7×1018 cm−3) was initially grown by molecular beam epitaxy
(MBE) on an undoped GaAs buffer and a semi-insulating GaAs(001) wafer. This was
followed by the growth of 15 nm of GaAs doped by a sequence of five δ layers (nominal Si
concentration 3 × 1013 cm−2 per layer) spaced by 2.5 nm (see Fig. 1(a)). A similar doping
scheme was successfully used by Taboryski et al. to lower the contact resistance in fully-
MBE-grown Al/GaAs(001) junctions [14]. The choice of in-situ junction formation, however,
severely limits the superconductor materials usable. In our case, on the contrary, following
the growth of the top δ-doped GaAs layer, a 1-µm-thick amorphous As cap layer was de-
posited at -20◦C to protect the surface during transfer in air to the sputter-deposition/surface
analysis system (base pressure 5× 10−10 Torr). The sample was then heated at about 400◦C
to desorb the cap layer and achieve a sharp GaAs(001) 2× 4 reflection high energy electron
diffraction pattern [16]. Nb overlayers 100-nm-thick were fabricated in situ by dc-magnetron
sputter-deposition at a deposition rate of 3.5 nm/s. Substrate temperature during Nb de-
position was kept at ≈ 200 ◦C to promote film adhesion. A typical 100-nm-thick Nb film
displayed a transition temperature Tc of 9.28K and a high residual resistivity ratio (RRR)
at 10K of RRR≈ 60 (data not shown).
Rectangular 100×160µm2 Nb/GaAs junctions were patterned by standard photolitho-
graphic techniques and reactive ion etching (RIE) using a CF4+O2 gas mixture. Two addi-
tional 90×45µm2 Ti/Au bonding pads were e-beam evaporated on top of each Nb contact to
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allow 4-wire measurements (see Fig. 1(b)). These were performed with two leads on the Nb
electrode under interest and the other two connected to two separate neighboring contacts
located symmetrically with respect to the junction considered. In this way our conductiv-
ity data reflect only the junction properties with no influence from the series resistance of
the semiconductor film. We have also experimentally determined the influence of the leak-
age paths around the contacts by removing the semiconductor layer above and below the
contact strip (“contact-end test structure” [17]). The correction to the contact resistance
is negligible on the scale relevant to the experiment. Magnetoconductance measurements
of the junctions were performed in a closed-cycle 3He cryostat equipped with a supercon-
ducting magnet. In order to determine carrier concentration and Hall mobility a portion of
the semiconductor was not Nb coated and, following As desorption, it was patterned into
Hall bars by removing the entire epilayer. At 0.34K we obtained n = 3.1 × 1018 cm−3 and
µ = 1.6×103 cm2/V s. From these values it was possible to estimate electron mean free path
(ℓm ≈ 50 nm) and thermal coherence length at T =0.34K: ξ(T ) =
√
h¯D/2πkBT ≈ 0.21µm,
where D = 1.2 × 102 cm2/s is the three-dimensional diffusion constant. Additionally the
single-particle phase coherence length ℓφ <∼ 1µm was also estimated from weak localization
magnetoresistance measurements, following Ref. [18].
Figure 2 shows a typical set of differential-conductance vs bias characteristics (G(V )) of
one of the junctions measured at various temperatures in the 0.34 - 1.00K temperature range.
The symmetry of the characteristics together with the large value of the conductivity at low
bias at the lowest temperatures are a clear indication of the transparency of the Nb/GaAs
junctions fabricated (see the inset of Fig. 2 where the conductance spectrum at 0.34K up
to biases well above the superconducting energy gap is plotted). The fabrication procedure
adopted yielded an excellent contact-to-contact uniformity leading to G(V ) characteristics
reproducible within few % in all the junctions measured. The data display the typical
behavior of a diffusive non-tunnel S-Sm junction. In particular, at the lowest temperatures
measured, a marked peak is observed in the differential conductance at zero bias. As we
shall argue, this is the manifestation of RT and it will be very useful for the analysis of the
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junction properties. In fact it is not straightforward to obtain reliable junction parameters
by studying the Andreev pattern in diffusive junctions [19,20]. On the contrary, when one
such zero-bias peak (ZBP) is observed in these systems, much information can be obtained
by examining its intensity and its temperature and magnetic-field dependence [2].
The electrical properties of our GaAs/Nb junctions can be analyzed within the random-
matrix theory of phase-coherent Andreev reflection proposed by Beenakker et al. [21]. These
authors studied a model-junction consisting of a normal and a superconductor reservoirs
linked by a disordered normal-metal region of length L and width W . Between this disor-
dered region and the superconductor reservoir the model-system includes a potential barrier
characterized by a mode-independent transmission probability (Γ). In this system, under
appropriate conditions an enhanced conductivity around zero bias was predicted to oc-
cur with respect to the classical AR behavior leading to a ZBP. The width of the latter
(i.e. the bias voltage at which the RT correction to the conductivity vanishes) is given
by Vc = (π/2)h¯vF ℓm/eL
2, where vF is the Fermi velocity in the normal region. Further-
more, upon application of a magnetic field ZBP is suppressed for field intensities larger than
Bc = h/eLW . In real systems, at finite temperatures, L and W are to be replaced by ξ(T ),
if it is smaller [2].
In order to analyze our data within this model, we can first of all determine the exper-
imental value of Vc by examining the data in Fig. 3(a) where the evolution of the ZBP is
well displayed thanks to the limited influence of the in-plane magnetic field on the classical
conductivity. The RT correction persists up to about Vc ≈ 0.6mV corresponding to a char-
acteristic length L ≈ 0.25µm. As predicted in Ref. [2], this value is in good agreement with
the estimated thermal coherence length at the same temperature.
Further insight on the interference effects leading to RT can be gained observing the
magnetic-field dependence of the ZBP. Figure 3 shows a set of G(V )’s at T = 0.34K for
several magnetic fields applied (a) in the plane of and (b) perpendicularly to the junction.
At relatively weak magnetic fields ∼mT the peak is suppressed and the subgap conductance
dip shrinks due to the magnetic-field-induced suppression of the superconductor energy gap.
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At higher values of the applied magnetic field the overall subgap conductance increases
approaching its normal-state value (data are not shown for clarity). From the in-plane-
field data, we can determine with good accuracy the experimental critical magnetic field
Bc ≈ 100mT corresponding to RT suppression and to the minimum measured value of the
zero-bias conductivity. This value is in good agreement with the expected theoretical value
Bc ≈ 80mT, obtained from the estimated thermal coherence length ξ(T = 0.34K) ≈ 0.21µm
confirming the physical origin of the observed conductance behavior. To the best of our
knowledge RT in a GaAs/Nb junction was never reported and was made possible by the
fabrication procedure adopted in this work.
It is interesting to compare the conductance behavior caused by different field orienta-
tions. For perpendicular fields the overall subgap conductance increases at much smaller
fields as compared to the in-plane configuration. We attribute this effect to the type-II na-
ture of Nb and to the consequent appearance of vortices in the mixed state. The presence of
these normal regions within the junction leads to increased subgap conductance due to the
lower resistance of the normal vortex region with respect to the superconducting portions
[22]. We should like to stress the importance of careful analysis of the in-plane field curves for
a quantitative determination of the RT correction to zero-bias classical conductivity without
any empirical extrapolation.
The quantitative analysis of the ZBP intensity, within the model adopted so far can yield
an estimate of junction transmission probability (Γ) [7]. However, the transmissivity calcu-
lated from the ratio between the resistance values taking into account the phase-coherent
AR and the classical behavior for S-N systems are incompatible with the phenomenology
observed. In fact, for our junction properties (L >> ℓm), the observed phenomenology (i.e.
increased conductance at zero bias) is expected for Γ <
∼
0.4 while the above procedure
leads to significantly higher values. This deviation in the observed intensity of the ZBP
must be linked to a significant suppression of the RT-induced enhancement of the conduc-
tivity. We believe that this effect stems from junction inhomogeneities. Several authors
have reported that only a very small fraction (10−2–10−4) of the junction physical area de-
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termines the transport properties of large diffusive contacts [4,12,15,23]. Additionally, the
very good contact-to-contact uniformity we observed indicates that the lateral scale of the
higher-transparency regions must occur on an even smaller characteristic length. This pe-
culiar junction morphology leads to a drastic reduction in the number of the reflectionless
paths available for ZBP build-up and to the observed suppression of the ZBP intensity.
In conclusion, we have reported on RT-dominated transport in Nb contacts on GaAs
and presented an effective and reproducible fabrication technique. The observed regime
was studied as a function of temperature and magnetic field. Data were analyzed within
the random-matrix theory of phase-coherent AR and the impact of junction non unifor-
mity on RT was underlined. The fabrication technique presented is compatible with the
most widespread MBE systems and can be easily exploited for the implementation of novel
hybrid S-Sm mesoscopic systems by tailoring the band-gap profile of the AlGaAs/GaAs
heterostructures on which the Nb film is deposited and patterned.
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ride Semiconduttore-Superconduttore. One of the authors (F.G.) would like to acknowledge
Europa Metalli S.p.A. for financial support. One of the authors (M.C.) would like to ac-
knowledge the Consiglio Nazionale delle Ricerche for financial support.
7
REFERENCES
[1] A. F. Andreev, Zh. Eksp. Teor. Fiz. 46, 1823 (1964) [Sov.Phys. JETP 19, 1228 (1964)].
[2] I. K. Marmorkos, C. W. J. Beenakker, and R. A. Jalabert, Phys. Rev. B 48, 2811 (1993);
C. W. J. Beenakker, B. Rejaei, and J. A. Melsen, Phys. Rev. Lett. 72, 2470 (1994).
[3] B. J. van Wees, P. de Vries, P. Magne´e, and T. M. Klapwijk, Phys. Rev. Lett. 69, 510
(1992).
[4] A. Kastalsky, A. W. Kleinsasser, L. H. Greene, R. Bhat, F. P. Milliken, and J. P.
Harbison, Phys. Rev. Lett. 67, 3026 (1991).
[5] S. J. M. Bakker, E. van der Drift, T. M. Klapwijk, H. M. Jaeger, and S. Radelaar, Phys.
Rev. B 49, 13275 (1994).
[6] W. Poirier, D. Mailly, and M. Sanquer, Phys. Rev. Lett. 79, 2105 (1997).
[7] P. H. C. Magne´e, N. van der Post, P. H. M. Kooistra, B. J. van Wees and T. M. Klapwijk,
Phys. Rev. B 50, 4594 (1994).
[8] G. E. Blonder and M. Tinkham, Phys. Rev. B 27, 112 (1983).
[9] C. Nguyen, H. Kroemer, and E. L. Hu, Appl. Phys. Lett. 65, 103 (1994).
[10] T. Akazaki, J. Nitta, and H. Takayanagi, Appl. Phys. Lett. 59, 2037 (1991).
[11] S. G. Lachenmann, A. Kastalsky, A. Foerster, D. Uhlisch, K. Neurohr, and Th.
Schaepers, J. Appl. Phys. 83, 8077 (1998).
[12] J. R. Gao, J. P. Heida, B. J. van Wees, S. Bakker, T. M. Klapwijk, and B. W. Alphenaar,
Appl. Phys. Lett. 63, 334 (1993).
[13] A. M. Marsh and D. A. Williams, J. Vac. Sci. Technol. A 14, 2577 (1996).
[14] R. Taboryski, T. Clausen, J. Bindslev Hansen, J. L. Skov, J. Kutchinsky, C. B. Sorensen,
and P. E. Lindelof, Appl. Phys. Lett. 69, 656 (1996).
8
[15] S. De Franceschi, F. Giazotto, F. Beltram, L. Sorba, M. Lazzarino, and A. Franciosi,
Appl. Phys. Lett. 73, 3890 (1998).
[16] Such a procedure can be used to produce surfaces with atomic scale roughness compa-
rable to that of as-grown surfaces. See, for example, Y. Fan, I. Karpov, G. Bratina, L.
Sorba, W. Gladfelter, and A. Franciosi, J. Vac. Sci. Technol. B 14, 623 (1996).
[17] D. K. Schroder, ”Semiconductor Material and Device Characterization”, John Wiley,
1998, page 151.
[18] J. Kutchinsky, R. Taboryski, T. Clausen, C. B. Sorensen, A. Kristensen, P. E. Lindelof,
J. Bindslev Hansen, C. Schelde Jacobsen, and J. L. Skov, Phys. Rev. Lett. 78, 931
(1997).
[19] A. Badolato, F. Giazotto, M. Lazzarino, P. Pingue, F. Beltram, C. Lucheroni, and R.
Fazio, Phys. Rev. B 62, 9831 (2000).
[20] K. Neurohr, A. A. Golubov, Th. Klocke, J. Kaufmann, Th. Schaepers, J. Appenzeller,
D. Uhlisch, A. V. Ustinov, M. Hollfelder, H. Lueth, and A. I. Braginski, Phys. Rev. B
54, 17018 (1996).
[21] C. W. J. Beenakker, Rev. Mod. Phys. 69, 731 (1997).
[22] A quantitative estimate of the normal-zone contribution to the conductivity is hindered
by the uncertainty about the effective junction area contributing to the transport (see
text).
[23] W. M. van Huffelen, T. M. Klapwijk, D. R. Heslinga, M. J. de Boer, and N. van der
Post, Phys. Rev. B 47, 5170 (1993).
9
FIGURES
FIG. 1. (a) Schematic cross section of the Nb/GaAs junctions studied in this work. (b)
Scanning electron microscope image of one of the devices.
FIG. 2. Differential conductance vs voltage at several temperatures in the 0.34 to 1K range.
The inset shows the conductance at T = 0.34K in a wider bias range. The reflectionless tunneling
enhancement of the conductivity appears as a peak at around zero bias.
FIG. 3. Differential conductance vs voltage at T = 0.34K for several magnetic field values.
(a) Magnetic field applied in the plane of the junctions; (b) magnetic field applied perpendicularly
to the junctions.
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